The effects of a 7-month physical training program on the physiological responses to exercise and work capabilities of seven middle-aged, sedentary men have been evaluated. Testing involved bicycle ergometry and interval treadmill walking, as well as pre-and postconditioning hemodynamic investigations during five levels of treadmill walking up to a 25% grade.
Maryland. Dr. Hanson is a Research Career Awardee of the National Heart Institute, 5K3 HE-7248, and Dr. Levy is a Teaching Scholar of the American and Vermont Heart Associations. Circulation, Volume XXXVIII, summarized recently by Cumming," and the need for measuring the physiological effects of physical training has been stressed by many. [2] [3] [4] [5] [6] [7] [8] [9] That this area is of much more than academic interest is attested by the rapidly expanding development of exercise programs with purported prophylactic and therapeutic cardiovascular effects,10-17 particularly on middleaged persons.
Mass testing techniques and longitudinal studies are generally not ideal for collection of physiological data derived from complex, time-consuming investigations. As a consequence, current information relating to the effects of physical training on hemodynamic parameters is restricted to relatively few reports in small groups of subjects or patients, and training periods have often been of only 783 1 to 2 months' duration. With few exceptions'8 these subjects have been young men in the second or third decade of life,4' [19] [20] [21] and the trained versus untrained states have often been compared in two subject groups rather than allowing each man to serve as his own control. These studies indicate that young, normal, sedentary men are capable of developing some of the true athlete's physiological characteristics. Although many physical conditioning programs are today directed toward the "normal,'" middle-aged, sedentary, and thus "coronary-prone" American male, there is, however, no objective evidence from this age group that such activity produces significant, beneficial hemodynamic changes.
Previous comparisons of young athletes and sedentary populations have established that the former group has lower resting heart rates and probably lower blood pressure. Athletes are known to possess "large-dimension"'22 cardiovascular systems with reference to radiological heart volume, blood volume, and total hemoglobin. Thus, they possess an expanded oxygen transport system which should be reflected in increased work capabilities. At rest in the upright position, trained men have been reported to have essentially identical cardiac outputs but larger stroke volumes and elevated oxygen uptakes compared with untrained, normal subjects.18 '21'23-27 At both submaximal and maximal work loads, athletes have lower heart rates and larger stroke volumes for a given stress. Athletes are, however, capable of attaining very high heart rates, particularly in competitive situations. 28' 29 Augmented exercise tolerance is the hallmark of the athlete and is expressed in factors such as maximal working capacity, maximal oxygen uptake and oxygen pulse, and rate of work performed at a heart rate of 150 or 170/min. Since stroke volume and the arteriovenous oxygen difference23 24 are greater in the athlete than the nonathlete, these factors, singly or in conjunction, can explain the increased oxygen transport capacity of trained men. Such individuals exhibit lower arterial blood lactate levels during exertion, and their myocardiums seem capable of greater lactate utilization during maximal work. From the standpoint of pulmonary function, athletes may have expanded vital capacity and maximal breathing capacity30 32 with supernormal expiratory flow rates. 32 Since diffusing capacity of the lung for carbon monoxide has been shown to correlate with total hemoglobin,33 vital capacity, and physical working capacity at a heart rate of 170, one would expect athletes to have supernormal diffusing capacity. 34 However, it is generally agreed that ventilatory or diffusion capacities, or both, are not limiting factors in determining a normal individuars exercise capabilities.
Recent evidence'8 indicates that when continuous and "intensive" training is maintained into middle age, large stroke volumes, maximal oxygen uptakes, and maximal work capacities are preserved, at least to age 50 years. Compared to young athletes, there are decreases in maximal cardiac output and aerobic capacity, but these may well be secondary to the aging decrement in maximal heart rate,35' 36 narrowing of the arteriovenous oxygen difference, and a lower hemoglobin concentration.37 From the clinical standpoint, it appears that athletes who continue high activity levels into middle and old age are generally healthier, exhibit fewer abnormal electrocardiographic changes, and may experience less "severe manifestations and subjective symptoms of coronary heart disease."38 Subjects Studied During investigation in this laboratory of hemodynamic responses to exercise exhibited by 25 normal 40 to 49-year-old men,39 it was found that 40% of these subjects had very similar reaction patterns to five levels of graded treadmill exercise. None of these 10 men could perforn a 3-min walk at 3 mph and a treadmill elevation of 140. All exhibited fairly high resting cardiac outputs and stroke volumes (means, 9.24 L/min and 114 ml, respectively), then raised cardiac output to a high value with level walking, and maintained this essentially unchanged despite progressive work loading. Thus, the slope of Cifculation, Volume XXXVIII, October 1968 After training their cardiac output response as a function of oxygen uptake was relatively flat, suggesting an initial "overshoot" phenomenon and subsequent inadequate adaptation to exertional demands. Since heart rate continued to increase with higher work loads, stroke volume decreased at maximal work. Only one of these 10 men (no. 20) could be considered moderately obese, and only one (no. 2) smoked cigarettes. However, exercise habits of all could briefly be characterized as nil. The possibility was, therefore, considered that this atypical exercise response might primarily reflect the cardiovascular results of prolonged physical inactivity. Consequently, the men were asked to consider participation in a physical training program for an entire academic year. No monetary inducement was offered, and it was made clear that repeated testing of various types would be conducted, the final evaluation being a repeat of the treadmill study in which their responses had been atypical. Seven of the original 10 felt they could meet the time demands of the proposed program and agreed to participate. Five subjects were members of the University faculty, one was a social worker, and one, a real estate agent. Subject 16 was the only participant who had evidenced arterial diastolic hypertension during exercise at the time of the original hemodynamic studies. Since that time he had developed diastolic hypertension at rest, and he was the only one of the group with this abnormality at the start of training. The group's anthropometric data are given in table 1. The variables measured or calculated in this study, their abbreviations, and the units in which they are expressed are summarized in table 2.
Methods Training Program
Through the cooperation of the Department of Physical Education, an instructor (W.N.) was assigned to the group to supervise training. Another of the authors (J.S.H.) also participated as a trainee. The group met three times weekly for 7 months, each session lasting 1 to 1l2 hours. The basic program consisted of muscle stretching and flexibility exercises, combined isometric-isotonic maneuvers with the Exer-Genie,* calisthenics, and running. Each man was advised to set his own limit for each exercise and to try to increase this limit in successive sessions. After several weeks, team activities such as volleyball, paddleball, badminton and basketball were instituted. Three months following the program's initiation almost the entire group was engaging in 1-hour competitive paddleball sessions following the initial 10 to 15 min calisthenic-running warmup. The mean group attendance record for the training sessions was 83%. Initial determinations were made prior to the initiation of training and again after 22 weeks.
Six-Week Treadmill Testing
The ergometer was the Lanooy type, magnetically braked, and presenting a constant work load at pedalling rates between 45 and 75/min. This instrument was calibrated by us with a torque dynamometer. Contrary to a previous report40 describing a 12% discrepancy between the indicated and actual work load, our instrument evidenced only a 3.3% difference over the 0 to 200watt range (0 to 1200 kg-m/min).
Resting electrocardiograms and indirect blood pressures were obtained as above. Maximal working capacities and VO2max were determined as described by Strandell.36 The ergometer was initially loaded at 300 kg-m, and this was increased every sixth minute by an additional 300 kg-m until the subject was exhausted. Wmax was calculated as the highest load at which the subject worked for 6 min plus an increment proportional to the time completed at the next load. The RKG was recorded for the last 15 sec of each minute, RKGmax being taken as the highest rate reached during the study. MVinax and VO,2max were calculated from expired gas collections made during the final 60 sec of work. Gas collections were made in 150-L Douglas bags, measured for volume in a Tissot spirometer, and analyzed for oxygen content with a Beckman E2 (modified Pauling) analyzer. Restitution heart rates and values for W130, W150, and W170 were determined directly from the RKG recordings with appropriate work-load timing.
Hemodynamic Studies
This methodology has in large part been described in detail elsewhere.41 In brief, determinations of cardiac output, systolic, diastolic, and mean intra-arterial blood pressures, minute volume of ventilation, oxygen utilization, and carbon dioxide elimination were made for each subject recumbent at rest, standing at rest, and during treadmill walking on the level and at inclinations of 40, 80, 120, and 14°at a speed of 3 mph. The original studies were, of course, carried out prior to physical training, while repeat determinations took place following 29 weeks of conditioning. Cardiac output was estimated by dye-dilution technique with a Waters 300A cuvette densitom-Cifrculation, Volume XXXVIII, October 1968 eter* and indocyanine green (Cardio-Greent) injection 2Y2 to 4 min after initiation of exercise, the time of injection depending on treadmill inclination. Expired gas was collected in 150-L Douglas bags, and gas volume was measured in a Tissot spirometer at BTPS. Oxygen and carbon dioxide content of expired gas were determined with the Beckman E-2 and LB-1 analyzers, respectively, with oxygen utilization and carbon dioxide elimination calculated at STPD. Oxygen ventilatory equivalent was calculated as liters of total ventilation per liter of oxygen utilization.
Direct arterial pressure was recorded at rest and for each exercise level with a Statham P23Db transducer, output of the latter as well as that of the densitometer being suitably amplified and recorded in the Electronics for Medicine DR-8 photographic recorder. Mean pressure was obtained through electrical damping of the straingauge signal. Left ventricular work index and stroke work index were calculated as the products of cardiac and stroke indices, respectively, mean arterial pressure, and the constant 13.6/1,000.
In addition to the above, the following variables were measured or calculated. The first derivative of the arterial pressure pulse was measured from a resistance-capacitance circuit (time constant, 1.1 msec) in the recorder's SGM-2 pressure amplifier and was in turn recorded via a DC amplifier with a frequency response range of 0.1 to 2,000 c/sec. Calibration of the derivative was accomplished by means of an instrument devised in this laboratory42 for generation of truly linear ramps and thus accurate derivative measurements. Blood pressures and derivatives were recorded at paper speeds of 200 and 100 mm/ sec with superimposed 0.02-sec time lines. From the photographic records measurements were made of peak systolic dp/dt and ejection time. Although it has been considered impractical to attempt measurement of ET during exercise because of difficulty in delineating onset of both systolic upstroke and dicrotic notch, this problem was circumvented through use of the dp/dt tracing for timing at the points of initial and secondary positivity.43 Mean systolic arterial pressure was obtained through integration of the pressure-pulse curves. Tensiontime index, ejection-time index,44 tension-time index per minute, and mean rate of left ventricular ejection were also computed.
Appropriate statistical analysis of data was accomplished with the IBM 360 and 1130 data processors employing standard programs. For the purposes of this study the following P-value in-*Waters Company, Rochester, Minnesota. tHynson, Westcott and Dunning, Baltimore, Maryland.
Circulation, Volume XXXVIII, October 1968 terpretations were made: <0.05 = probably significant; KO.Ol = significant; <0.001 = highly significant.
Results

Six-Week Treadmill Testing
These interval checks were carried out between Wmax determinations to follow more closely than was possible with W.ax testing the time sequence changes in resting, exercise, and restitution heart rates, and blood pressure. As seen in figure 1, mean group values for RKGr and RKGmax declined progressively, and those for RKG30 and RKG60 increased, although not linearly. The greatest changes were apparent after 2 months of training, following which a levelling off occurred.
Resting blood pressure changes of significant nature were seen only in the subject who was hypertensive before training. Time points refer to periods following start of conditioning. Note that the restitution scale increases downward.
RGmax ff]
-U*IX except in subject 16, whose diastolic BPm.x declined from 100 to 85 mm Hg.
Complete results of interval testing are tabulated in table 3 .
Bicycle Ergometry and Maximal Work
All subjects significantly increased their Wmax, V702ax ( fig. 2) , their MVmax and the amount of work performed at heart rates 130, 150, and 170/min. Capabilities for Wm,,x were augmented up to 38% of pretraining level, and for W130, W150, and W170 a maximal 80% increase was seen ( fig. 3 ). Despite universal Wmax increases, however, RKGmax decreased. Heart rate restitution 30 and 60 sec following work was increased both absolutely and when expressed as a percentage of the highest rate attained.
Blood pressure recorded immediately upon cessation of cycling evidenced variable individual tendencies: three subjects reduced BPd at the second test, three did not show any change, and one showed a very slight increase. Subject 16, who had resting diastolic hypertension (90 mm Hg) before training, subsequently became normotensive both at rest and after maximal exertion. After the latter, BPd declined from 120 to 88 mm Hg.
With respect to ventilatory parameters, the Resting heart rates declined only slightly in contrast to the changes noted during successive 6-week treadmill walks at 8°. This was probably related to a factor of increased apprehension prior to performance of the second Wrnax test. Blood pressures at rest were likewise not markedly different, although the more frequent interval testing disclosed more pronounced BP, and BP,, decreases.
Individual and group mean values for the variables measured before and after training are presented in table 4.
Hemodynamic Studies
Results of all measured and calculated variables were analyzed both with and with-Circulation, Volume XXXVIII, October 1968 out the data, of subject 16, who exhibited systolic and diastolic hypertension in both the pretraining and the post-training studies. No significant differences were evident between the two analyses in group mean values or in statistical evaluation of training effects. Data for this subject are, therefore, included in all results.
Whereas none of the subjects had walked at the 140 treadmill elevation in the original study, all were capable of this after training. In the interests of safety, however, studies were terminated in two of the seven men following the 120 walk: in subject 16 because of systolic arterial pressure elevation, and in subject 20 because his oxygen uptake at 12°e levation equalled his previously determined V02max
Group mean heart rates were lower to a highly significant degree at rest and during all levels of exercise. Indeed, the mean rate of 151/min during the second 14°treadmill walk was identical to that seen before training at the 80 level.
Changes in cardiac output were seen both when the subjects were recumbent at rest, U Uhl. Resting and exercise cardiac output as a function of oxygen uptake. Dotted regression lines denote normal relationship for the age groups indicated (n = 50). R = recumbent resting; S = standing resting; L = level treadmill; 4', 80, 12', 14' = treadmill elevations. Each point in subsequent figures corresponds to these same exercise levels. and at higher work loads ( fig. 4 ). During recumbency the mean value declined from 9.02 L/min to 7.38 L/min, and decrements during walking ranged from 1.13 L/min on the level to 3.0 L/min at 8°inclination. The 140 post-training cardiac output was almost 0.5 L/min lower than that previously evidenced at 120 before training. Statistical significance of these changes could not be definitely established.
Increases of stroke volume were observed for all work levels except the 8°elevation where values were identical ( fig. 5 ). Whereas stroke output before conditioning was very constant at 125 ml until the 12°level, the trained-state values approached 160 ml, dropping to 120 ml or less at the three highest work loads. Differences were significant for the level and 40 treadmill exercise.
As indicated in the results of Wmax testing, blood pressure changes were not marked. Systolic pressure tended to be somewhat high- Changes in stroke volume following 29 weeks of training as a function of heart rate to emphasize the relative bradycardia of the trained state. er after training and was significantly so at 12°. Group mean diastolic pressure, however, was significantly lower during the retesting at rest and during level and 40 treadmill exertion. Mean arterial pressure was lower for all measurements except during 12°exercise where systolic, diastolic, and mean pressures were higher than before conditioning, although not significantly so. Calculated peripheral vascular resistance was probably significantly elevated at rest but differed minimally from original values at all work levels. Resistance remained constant during work loads above level treadmill walking.
As seen in figure 6 , left ventricular work indices were lower for a given oxygen uptake in the restudy, primarily due to lower levels of cardiac output. Since stroke volumes were greater following training, stroke work index increased, despite some decline in mean arterial pressure ( fig. 7 ). Ventilatory minute volume was reduced moderately at rest and during low work loading but was unchanged at higher exercise levels. Likewise, oxygen uptake in the trained state was lower under the same conditions but increased above initial values by approximately 200 ml/min for 80 and 120 inclinations. Alterations in carbon dioxide elimination were of a minor nature, tending to be lower than in the original study. Because of both minute volume decreases and increments of oxygen uptake, oxygen ventilatory equivalents were significantly lowered after training.
Results of the treadmill given in table 5. exercise testing are Pulse Wave Analysis Ejection time per se at rest and during light exercise increased after training. At higher loads, 8°and 12°treadmill, group mean values were virtually identical in both studies. When adjusted for heart rate as ejection time index, however, significant decreases were observed for all resting and exercising measurements ( fig. 8 ). Since mean systolic pressures did not vary much from the first to second investigation, differences in tension time indices paralleled those of ejection time. As seen in figure 9 , however, tension time index per minute was reduced under all resting and exercise conditions. Indicators of cardiac ejection characteristics, mean rate of ventricular ejection and maximal first derivative of the pressure pulse, both evidenced increases in the trained subjects. Those for ejection rate were generally moderate ( fig. 9 ), while dp/dt increments amounted to as much as 35% of pretraining values ( fig. 8 ).
Measured and calculated pulse intervals and indices are listed in table 6 .
Post-training results obtained in the standing-resting condition merit separate attention. Although group mean pre-and post-training cardiac output figures were almost identical, stroke volume in the latter state was 32% greater than in the former, due to lower heart rates. Whereas standing up was originally associated with a rise in pulse of 17 beats/min Circulation, Volume XXXVIII, October 1968 from 79 to 96, this increment after conditioning was only 8 beats/min, 65 to 73. Simultaneously, ejection-time index and tensiontime index decreased, while maximal first derivative and ventricular ejection rate increased. Thus, following training a generally more stable circulatory state existed while in the standing position.
Discussion
The present study clearly reveals that a systematic, graded program of physical conditioning can produce significant hemodynamic alterations in a group of previously sedentary, middle-aged men. These changes are objectively manifest in such factors as increases in physical working capacity, reductions in resting and exercising heart rate, Left ventricular work index related to oxygen uptake as an indicator of exercise severity. 1000 I Figure 7 General increase in ventricular stroke work following training and expansion of stroke volume. cardiac output and stroke volume adaptations, and arterial pulse wave characteristics. have not been investigated in the present study, since adequate definition of physical training effects on these variables is available.45 46 Considered as an integrated whole) the abilities of dimensional and functional components are reflected in such measurable terms as maximal oxygen uptake and physical working capacities. From this standpoint, the present group of men significantly enhanced their oxygen transport system abilities. Maximal working capacities and Vo2max were without exception significantly augmented following training, 22.4% and 17.6% above pretraining values, respectively. According to Astrand, 47 a 20% increase in maximal power is to be considered a good training result. It is clear that the seven subjects discussed here are not Circulation, Volume XXXVIII, "athletes" by any criteria. If a V02.,a of 40 ml/kg is taken as a criterion of fitness, these men are fit, and they have attained that classification in the relatively short period of 7 months or less. Considering that perhaps 60% of our adult population between 20 and 60 years of age is not physically fit, and that the mean age of the present subjects is almost 50 years, their accomplishments in training are truly of significance.
Since ventilation and diffusion do not limit exercise performance48' 49 as attested to by arterial blood gas studies,50 improvements secondary to training must primarily involve the circulation. Physical training in the present study was associated with reversal of an originally hyperkinetic state at rest and development of a relative hypokinesis during moderate and heavy work loading. As seen in figure 4, whereas they had originally shown decreases in cardiac output walking on the 120 treadmill inclination, the trained subjects exhibited a progressive increase in cardiac output from the 80 treadmill work load through the highest work challenge. During this 14°walk only one man approached within 200 ml/min of his previously determined V0 2niax, while the others had a "reserve" of up to 800 ml/min. It is thus almost certain that even more impressive cardiac output increments would have been observed had work been further increased by running, rather than walking at high inclinations.
It has been hypothesized5' that one of physical training's greatest effects may be via the autonomic nervous system. Certainly the vagotonia so typical of the athlete substantiates this, despite the fact that its basic origin is not completely understood.52,53 Other influences might include a stabilizing effect on the venous system and improvement of cardiac output distribution to exercising muscles. The latter factor has been studied in trained and untrained individuals54 and has been evoked as explanation for the improvements noted in a study of patients with ischemic heart disease. 13 Evidence confirming these mechanisms is available from this study. A significant alteration in the orthostatic response to standing was observed in these subjects as gauged by heart rate increase and stroke volume decrease. Pulse frequency after training increased less than 50% as much as it increased originally, and stroke volume decreased only 35 ml rather than 54 ml, suggesting a decreased venous capacitance pooling of blood volume. Since the trained state was associated with generally lower cardiac output at a given resting or exercising oxygen uptake, this relative hypokinesis is also consistent with an improved distribution of the heart's minute output.
Although some increase in stroke volume with training has been noted in young men,4 convincing evidence is not available that a truly sedentary, middle-aged person's stroke volume can likewise be raised significantly.
In the present investigation, walking on the level treadmill and at an elevation of 40 was associated with post-training increases in stroke volume up to almost 25% of the pretraining level. Stroke volumes of this magnitude (160 ml) have been recorded by Grimby and associates'8 in middle-aged athletes who had continued participation in endurance sports for many years. How much of this increased stroke volume is functional and how much dimensional, that is, an actual increase in cardiac chamber size, cannot be defined from the data available, although certain factors do suggest that functional adjustments, as reflected in ejection characteristics, have occurred.
General reduction of the relatively gross left ventricular work index is but one manifestation of a primary and all-important lesson of the present study. This is characterized by the word "economy." The group mean decrease of 14 beats/min in resting heart rate is in itself a saving of over 20,000 contractions per day. Similar or even more pronounced economies are evident during exertion, both for heart rate and cardiac output at a given exercising oxygen uptake. Fox and Haskell2 have stated that the effects of training on excess myocardial oxygen consumption in middle-aged men need further study. If the tension-time index concept as introduced by Sarnoff and associates55 is indeed a primary determinant of myocardial oxygen consumption, then the present group of subjects has developed the ultimate economy. As seen in figure 9, TTI/min was significantly lower after training for all resting and exercising conditions. The greatest savings were seen in the mid-range of exercise intensity, amounting to as much as 18% of pretraining levels.
Although a multitude of vascular and muscular factors influence measurements of peripheral arterial pulse wave phenomena, certain post-training changes in pulse characteristics are worthy of note. Certainly, the ejection-time index or maximal dp/dt of the Circulation, Volusme XXXVIII, October 1968 radial or other peripheral arterial pulse cannot be equated with the corresponding ventricular or central aortic events. However, as described previously,43 44 they do appear to correlate in a significant manner with other physiological variables. It is, therefore, interesting that the trained state was associated with a markedly increased maximal dp/dt and shortening of ejection-time index. Contrary to the progressive increase in ETI during pretraining work, this variable was maintained within the quite narrow limits of 0.453 to 0.484 for all degrees of treadmill work in the restudy ( fig. 8 ). These findings suggest that the force and rate of cardiac ejection have been increased significantly, together with expansion of the volume ejected. As seen in figure 9 , MRLVE, calculated from stroke volume and ejection time, is consistently greater in the trained men.
Certainly, subjective well-being is a palpable training by-product. The present subjects have reported better work capabilities, less fatigue, and better sleep. Without exception they wish to continue the program and have their performance tested at regular intervals. They have become motivated in the sense employed by Howell and Alderman,56 namely, an arousal to positive action. They believe, as do we, that they have enhanced the quality of their lives.
At present, however, there is only scattered and inconclusive evidence that regular physical activity will improve general health and contribute to longevity. No data suggest that the rate of aging can be slowed through maintenance of physical fitness.57 Epidemiological evidence from the Framingham Study and other investigations'0' 17,36 does suggest that a high level of daily physical activity reduces the incidence or severity, or both, of ischemic heart disease. Whether development of collateral coronary circulation, reduction of serum lipids, prevention of obesity, or a combination of these and other factors associated with exercise are operative in ameliorating this disease cannot now be stated absolutely.
It does seem at least equally reasonable Circulation, Volume XXXVIII, October 1968 that development of economical myocardial oxygen utilization and enhanced oxygen transport efficiency should be important in this regard. As discussed previously, there are several indications from the present study that training can accomplish this. The trained state is perhaps best characterized by a remark made by one of our subjects. While having the study results explained to him, he philosophized: "Doc, what you mean is, it's like being in overdrive!" This does, indeed, seem to be the case.
